Background
==========

The genus *Agave*, is distributed in the tropical and subtropical areas of the world and represents a large group of succulent plants, with 197 taxa from 136 species, and its center of origin is probably limited to Mexico \[[@B1]\]. The subgenus *Agave* and particularly the sections *Rigidae* and *Sisalanae*, are cultivated because of their commercial importance for diverse purposes: a) alcoholic beverages such as tequila and mezcal; b) natural long and hard fibers; and c) steroidal compounds and medicinal principles \[[@B2]-[@B4]\].

The genus *Agave* is a semelparus perennial that produces flowers only once towards the end of its life cycle (6--8 years for *A. tequilana*). This genus has been the object of cytological investigations only after 1933, since then, chromosome counts have been made on a large number of species. The basic chromosome number is *x* = 30 and species ranging from diploid to hexaploid \[[@B5]-[@B7]\]. Cave \[[@B8]\] reported regular meiosis in five diploid, two tetraploid and one hexaploid species, and irregular meiosis in two polyploids, where bridges and fragments were observed at anaphase I. Brandham \[[@B9]\] carried out a cytological investigation in *Agave stricta*, for which he described a meiotic behavior heterozygous for a paracentric inversion, that produced a number of aberrations: one bridge and one fragment, two loops and one fragment, two bridges and two fragments, and two loops with two fragments at anaphase I.

More recently, Castorena-Sánchez *et al*\[[@B10]\] reported the first karyotype for *Agave tequilana* (2*x* = 60), where chromosomes were classified and arm ratios, chromatin length and their variability are discussed. On the other hand, the nuclear DNA content, chromatin structure, and DNA composition were investigated in four *Agave* species including *A. tequilana*\[[@B11]\].

*Agave tequilana* Weber var. azul, is the only one variety permitted by federal law in México to be used for tequila production \[[@B12]\] which is the most popular contemporary alcoholic beverage made from agave and recognized worldwide. Despite the economic, genetic, and ornamental value of the plant, it has not been subjected to detailed cytogenetic research, which could lead to a better understanding of its reproduction for future genetic improvement.

The objective of this work was to study the meiotic behavior in pollen mother cells and its implications on the pollen viability in *Agave tequilana* Weber var. azul.

Results
=======

The analysis of Pollen Mother Cells (PMC\'s) at metaphase I (M-I) showed 62.3% of the cells with thirty normal bivalents, (Fig. [1A](#F1){ref-type="fig"}), and 37.7% of PMC\'s presented an aberrant meiotic behavior at the same phase (Fig. [1B](#F1){ref-type="fig"}).

![PMC\'s showing meiotic regular and irregular phases in *Agave tequilana* Weber var. azul. A) M I with 30 normal bivalents. B) Aberrant M I. C) Normal A -- I. D) A -- I with one side arm bridge (SAB). E) Lagging chromosomes at A I (lc = lagging chromosomes). F) Dyad showing bridge and fragments at A -- II (b = bridge; f = fragment). Bar for all microphotographs = 17 μm](1471-2229-2-10-1){#F1}

The chromosome complement of this species (and within the genus) is of a markedly bimodal persistence, having 10 large and 50 from medium to small chromosomes in the diploid. Thus, 5 large and 25 small bivalents can be seen at normal M-I (Fig. [1A](#F1){ref-type="fig"}).

The analysis of PMC\'s in anaphase I (A-I) showed 82.56% of cells with a normal anaphase (Fig. [1C](#F1){ref-type="fig"}) and, 17.44% with an irregular anaphase. In which 5.28% corresponded to cells with side arm bridges (SAB); 3.68% cells with one bridge and one fragment; 2.58% of irregular anaphase showed cells with one or two lagging chromosomes and 2.95% showed one acentric fragment; cells with only two bridges and cells with two bridges and one acentric fragment were observed in frequencies of 1.60% and 1.35% respectively (Fig, [1D, 1E](#F1){ref-type="fig"}, Table [1](#T1){ref-type="table"}). Also, in anaphase II some cells showed bridges and fragments (Fig [1F](#F1){ref-type="fig"}). Aberrant meiotic cells produced 42% of shrunken or empty pollen grains, while the rest of normal dividing cells produced viable pollen (Fig. [2](#F2){ref-type="fig"}).

![Pollen grains viability of *Agave tequilana* var. azul. Vp = viable pollen. Nv = non viable pollen. Bar = 0.5 mm](1471-2229-2-10-2){#F2}

###### 

Normal and irregular anaphase I (A-I) of *Agave tequilana* Weber var. azul

  PMC\'s                                      Total 814   %100.00
  ------------------------------------------- ----------- ---------
  Regular                                     672         85.56
  Cells with one or two lagging chromosomes   21          2.58
  Cells with one bridge (SAB)                 43          5.28
  Cells with one bridge and fragment          30          3.68
  Cells with two bridges (SAB)                13          1.60
  Cells with two bridges and fragment         11          1.35
  Cells with acentric fragment                24          2.95

Discussion
==========

Our cytogenetic studies confirmed that *Agave tequilana* Weber var. azul is a diploid species with 2n = 60 chromosomes, and thirty bivalents from pollen mother cells confirm the basic chromosome number of *x* = 30 \[[@B10]\].

The presence of bridges with or without fragment reflected structural changes such as heterozygous inversions, chromatid exchanges, deletions and duplications \[[@B14]-[@B16]\]. PMC\'s in A II with the presence of bridges and segment in each of the two cells of a dyad (Fig. [1F](#F1){ref-type="fig"}), could be an evidence of heterozygous inversions with 3 crossover points within the inversion loop \[[@B17]\], where similar aberrations were reported for *Agave stricta*\[[@B9]\].

The observed subchromatic or side arm bridges (SAB) could be originated from an abnormal function at the places where the chiasmata are formed \[[@B9],[@B14]\]. In this study it could be observed that SAB involved long chromosomes as it was previously described for *Agave stricta* (Fig. [1D](#F1){ref-type="fig"}) \[[@B9]\]. Abnormal disjunction in some chromosomes, showed irregular anaphase I (2.58%) with one or two lagging chromosomes (Fig. [1D](#F1){ref-type="fig"}). In this study acentric fragments were also recorded (2.95%) as it was observed in *Gibasis schiedeana* where acentric fragments probably resulted from sister chromatid reunion \[[@B18]\].

It could be observed that an asynchronous movement of chromosomes was evident at the beginning of the rainy season. The occurrence of desynchronization in the movement of chromosomes and the advance of the meiotic process produced aberrant metaphase I behavior as it was observed in the 37.7% of the total of PMC\'s studied. For example, dyads were formed when the homologous chromosomes (bivalents) remained coupled (Fig. [1B](#F1){ref-type="fig"}). This aberrant meiotic behavior could also have an influence in the low viability of pollen.

On the other hand, Piven *et al*\[[@B19]\] working with henequen (*A. fourcroydes* Lem.) showed meiotic and postmeiotic alterations in the formation of the male gametophyte, which could be due to its polyploid nature (5x = 150), and these alterations might be responsible for the high sterility of pollen grains of this species (66.4%), on the contrary, *A. tequilana* is a diploid with 2n = 60, however, it had a high percentage (42.00%) of nonviable pollen grains.

Conclusions
===========

The observed meiotic irregularities suggest that structural chromosome aberrations have occurred, such as heterozygous inversions, sister chromatid exchanges, deletions and duplications which in turn are reflected in a low pollen viability.

Methods
=======

Inflorescences from 7 plants were collected from commercial plantations (Santa Fe, Jalisco, México). Fresh anthers from young buds (± 1.8 cm) were selected, and squashed in 1% aceto-orceine, and 320 pollen mother cells (PMC\'s) at metaphase I (M -- I) and 814 PMC\'s at anaphase I (A -- I) were analyzed.

Pollen viability was estimated by staining a sample of 1,583 pollen grains with 1% blue aniline in lactophenol \[[@B13]\] and the percentage of viable stained grains was recorded. The best cells for chromosome analysis and pollen samples were photographed using an Olimpus BH2 microscope coupled with an automatic photograph camera.
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